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PURPOSE. Aging can affect many aspects of visual performance. In general, the effects become
more significant in those older than 40 to 50 years, with increased intersubject variability and
stronger dependence on ambient illumination. This study aimed to establish how healthy
aging of the retina affects the detection of 15-Hz flicker under photopic and mesopic lighting.
METHODS. We investigated 71 participants aged 20 to 75 years. Thresholds were measured for
detection of 15-Hz flicker at the fovea (08) and at an eccentricity of 48 in each of the four
quadrants. The background luminance ranged from 0.6 to 60 cd/m2 and pupil size was
measured continuously. Participants were excluded if they had signs/history of ocular disease,
substantial interocular differences in flicker thresholds, or were unable to detect 100% flicker
modulation in the high mesopic range.
RESULTS. Mesopic and photopic flicker thresholds were used to calculate an index, the health
of the retina index, to determine the limits of flicker sensitivity in healthy aging. Log flicker
thresholds changed bilinearly with age; they remained stable until 40 to 50 years, with a linear
decline with increasing age. This bilinear pattern of the change in flicker thresholds with age
is consistent across photopic and mesopic light levels.
CONCLUSIONS. The health of the retina index captures the lowest threshold, usually obtained
under photopic conditions, as well as the loss of flicker sensitivity with decreasing light level.
The established limits of healthy aging may benefit from future studies in patients with ocular
hypertension and/or glaucoma that are known to experience loss of flicker sensitivity.
Keywords: aging, flicker, mesopic, monocular vision, photopic
I t is generally recognized that older people have greaterdifficulty performing visual tasks at low light levels. The
effects of low light level and aging have been explored in
spatial and color vision studies1–3; however, less is known
about the effects of aging on temporal aspects of vision at low
luminances. The aim of this study is to establish normal limits
for the loss of 15-Hz flicker sensitivity with increasing age,
taking into account performance at decreasing light levels.
The measurement of flicker sensitivity to assess retinal
function is useful clinically in a number of ways. Unlike spatial
contrast sensitivity, temporal contrast sensitivity is affected less
by scattered light or refractive error. This means that tests using
flickering stimuli can provide a sensitive measure that describes
the processing of temporal signals in the aging retina, relatively
independent of age-related changes to the optics of the eye.4–12
However, temporal modulation sensitivity declines with de-
creasing retinal illuminance,13 which tends to be lower in older
people due to pupil miosis,14,15 and few flicker sensitivity
studies control or correct for varying retinal illuminance.
Previous research has consistently found that older people
lose sensitivity at high temporal frequencies manifesting as a
decline in critical flicker frequency,4,16 or a decline in
modulation sensitivity at mid- to high temporal frequen-
cies.5–8,17–21 Flicker thresholds measured at a high temporal
frequency, but well within the temporal frequency envelope for
normal vision, makes the visual assessment very sensitive to
age-related changes, with the added advantage of being quicker
to assess than other measures that involve the entire temporal
contrast sensitivity function (CSF). The latter can be time
consuming to perform and clinically impractical.
Reductions in high frequency sensitivity have been observed
largely in cases of retinal disease such as AMD,17,22–26
diabetes,17 and glaucoma,27 and loss of rapid flicker sensitivity
has also been observed under conditions of mild hypoxia.28
The loss of flicker sensitivity can be used to separate eyes at
risk of AMD from normal eyes25 and to predict the future
progression of the disease.22,23,29 Tests characterizing the loss
of flicker sensitivity could be better indicators of disease
progression than the predicted loss based on signs derived from
clinical examination of the fundus.6,22,23
A number of reasons for the loss of flicker sensitivity in aging
and disease have been explored. Both a shift in the peak of the
temporal CSF and an overall reduction in sensitivity could
produce a decrease in modulation sensitivity at a particular
temporal frequency.5,7 The loss of modulation sensitivity with
age is unlikely to be due to age-related changes in the temporal
characteristics of neurons, as the timings of peaks in the impulse
response function are relatively stable until approximately 80
years6,30 and the timing of multifocal ERG parameters are stable
with age in the central vision (58), although the amplitude of the
response decreases.31 Other research has established that
sensitivity losses in older participants are beyond what one
could predict based on reduced retinal illuminance caused by
pupil miosis.16,19 Based on such observations, it has been
proposed that the reduction of sensitivity in aging and disease is
due to losses of photoreceptors, retinal ganglion cells, or the
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effects of hypoxia caused by overall reduction in blood supply to
the retina.17,24,26,32,33
The loss of color, acuity, and contrast sensitivity in aging
and disease has been investigated as a function of luminance in
several studies and found to be more pronounced at lower light
levels.1–3,34,35 Similarly, it may be reasonable to expect that
flicker sensitivity would be impaired in older people to a
greater extent under low rather than high levels of retinal
illuminance. One might therefore expect that measuring
flicker sensitivity in the mesopic range may be more effective
in separating changes due to healthy aging from age-related
disease. In this context, healthy aging of vision describes
gradual changes in visual function that do not cause severe loss
of any aspect of vision. This kind of label also implies the
absence of any clinically recognized disease process that
normally leads to severe degradation or complete loss of visual
function.
Studies carried out at photopic light levels have found a
greater loss of sensitivity for older people outside the fovea and
in the superior visual field,17,20,36 and that people with AMD
and diabetes are often outside the normal limits of sensitivity in
central vision (48).17 It may therefore be useful to additionally
quantify the effects of aging on flicker sensitivity at low
luminances at the parafovea. In general, the nasal superior field
has been reported to have better sensitivity than the temporal
inferior field in the healthy eye.37 However, very few studies
have accounted for the size dependence of flicker thresholds
with increasing eccentricity. This is important because when
stimulus size is scaled to account for the decrease in ganglion
cell density with increasing eccentricity, there is virtually no
loss of modulation sensitivity,38 meaning that perhaps temporal
sensitivity losses at peripheral locations could in fact be caused
by inappropriate spatial scaling that also accounts for loss of
spatial contrast sensitivity.
This study aimed to determine whether flicker sensitivity
declines with age at the fovea and parafovea by calculating the
health of the retina index (HRindex) as a measure of integrated
loss of sensitivity to flicker as a function of light level at five
discrete retinal locations within the central 88.
METHODS
Participants
Participants were recruited through the City University Eye
Clinic. All participants had undergone a detailed ophthalmic
assessment to detect severe loss of visual function or the
presence of clinically recognized disease. The tests included
measurement of visual acuity, refraction, binocular vision
assessment, pupil reactions, slit-lamp assessment of the
anterior eye and indirect ophthalmoscopy of the macula, optic
nerve head, and peripheral retina.
The study was approved by the City University Research
and Ethics Committee and adhered to the tenets of the
Declaration of Helsinki. Informed consent was obtained for
every participant.
Flicker-Plus Test
The modulation sensitivity of each participant was assessed
using the Flicker-Plus test, which is based largely on
observations made in an earlier study of loss of rapid flicker
sensitivity in older subjects when small stimuli are involved.39
Stimuli were presented on a high resolution, 20-in cathode ray
tube monitor (Multisync Diamondtron, Model FR2141 SB; NEC
Display Solutions; Tokyo, Japan), using a 10-bit graphics card
(Elsa Gloria XL; Elsa Electronics, New Delhi, India) with 16003
1200 resolution at a frame rate of 120 Hz. The monitor was
calibrated automatically with a luminance meter (LMT 1009;
LMT Lichtmesstechnik GmbH Berlin, Berlin, Germany) and
bespoke software (LUMCAL; City Occupational, Ltd., London,
UK).
Participants viewed the display from 1.4 m. A fixation cross
and four oblique guides were displayed to maintain central
fixation and to aid accommodation. The background was
composed of only mid- to long wavelength light (CIE x¼0.413,
y ¼ 0.507) in order to minimize variations in absorption of
short wavelength light by the crystalline lens40 and the macular
pigment.
The psychophysical method of measuring flicker thresholds
was based on a five-alternative forced-choice (AFC) procedure
designed around the five locations of the stimulus. The subject
had to indicate the location of stimulus presentation by
pressing one of five buttons arranged to simulate the geometry
of the screen. A separate button indicated that the subject was
totally unaware of any stimulus. When this button was pressed,
the program allocated the subject’s response randomly to one
of the five buttons. Five randomly interleaved staircases with
variable step sizes were employed and these corresponded to
the five stimulus locations: 08 eccentricity or at one of four
parafoveal locations, 48 away from fixation in the inferior nasal,
superior nasal, inferior temporal, or superior temporal visual
field. The stimulus was a flickering uniform disc subtending 20
min arc at the fovea and 30 min arc at the parafoveal locations.
Stimuli were presented for 334 ms at a temporal frequency of
15 Hz (five cycles), as this frequency is well within the normal
envelope and has been shown to be sensitive to age-related
changes.6 The temporal waveform of the stimulus was
sinusoidal with respect to the luminance of the background.
The temporal modulation depth was expressed as Michaelson
contrast. The mean luminance of the flickering stimulus
remained constant and equal to that of the uniform back-
ground. When flicker detection was absent, the participants
were unaware of anything being presented anywhere in the
visual field. Flicker therefore appears to be the most sensitive
visual attribute of the disc stimulus. Each staircase employed
10 reversals using a 2-down, 1-up procedure and the threshold
was estimated by averaging the last 6 reversals.41,42 The
staircase algorithm requires two consecutive correct responses
at a given stimulus location during the random sequence
presentation before a reversal occurs and the stimulus contrast
is reduced for the following presentation. In the absence of any
signal, the probability of two sequential correct responses is 1/
25. This approach is statistically efficient since five locations
are measured in the same test and the chance probability of a
correct response is small. The step change in the staircase
procedure decreased after every reversal according to an
exponential function. The starting value for the staircase was
also increased from 6% to 60% with decreasing background
luminance to minimize the number of steps needed to reach
the first reversal. The latest version of the Flicker-Plus test
supports many more, quadrant-specific locations using the
same 5-AFC procedure, but the time needed to complete the
test increases with the number of locations and too many
locations, although of interest perimetrically, make the test
clinically impractical. When five stimulus locations are
employed, the subjects take approximately 7 minutes to
complete the test. Following a short practice session, the
participants were then tested at background luminances of:
0.6, 1.87, 3.75, 7.5, and 60 cd/m2. A spectrally calibrated
neutral density filter was used to produce the lowest
background luminance (as seen by the subject) while
maintaining an adequate screen luminance, which was needed
to ensure accurate reproduction of flicker modulation. For
each light level, the participants viewed the screen binocularly,
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followed by monocular presentations (RE or LE was alternated
between participants). This provided comfortable and natural
viewing conditions at the start of each light level and reduced
initial learning effects on the monocular conditions for this part
of the study without introducing significant order effects.43
The binocular flicker thresholds will be reported in a
subsequent paper. The nontested eye was covered with an
opaque, infrared transmitting filter allowing for iris illumina-
tion and the measurement of pupil size. In order to reduce the
cumulative effects of fatigue, participants were tested on the
lowest screen luminance first, after verification that they could
clearly see the fixation stimulus, followed by the next higher
screen luminance, meaning that less time was required for
adaptation between luminance levels than using a randomized
procedure. Since detection of 15-Hz flicker relies mostly on M
and L cone signals, the initial adaption time was limited to 5
minutes before the first test commenced. The following tests
used only 3 minutes adaptation time since higher luminances
were involved. The test/retest variability varies from subject to
subject and with light level, with typical values (i.e., coefficient
of variation) in the range 10% and 20%.
Pupil Measurements and Retinal Illuminance
Pupil diameter was measured continuously during the Flicker-
Plus tests using the P_SCAN system.44 An infrared light source
was mounted below the camera to provide illumination of the
iris. The pupil of the left eye was imaged using an infrared
sensitive charge-coupled device camera and the pupil images
were processed using computing language functions (MATLAB;
MathWorks, Inc., Natick, MA, USA). Thresholding and edge
detection techniques were used to locate the pupil boundary,
allowing the pupil diameter to be computed with a resolution
better than 0.02 mm. Pupil measurements were taken
approximately three times per second. Measurements within
1 SD of the mean were averaged to produce a mean pupil size
for each luminance and viewing condition.
Retinal illuminance (E) was calculated in trolands (Td) as E
¼ L3 PA, where L is the screen luminance in cd/m2 and PA is
the pupil area in millimeters squared. Estimates of retinal
illuminance were obtained separately for binocular and
monocular viewing conditions because of expected differences
in pupil size.45
Modulation Sensitivity as a Function of Retinal
Illuminance
Modulation threshold data for each individual across different
retinal illuminances were fitted with the following empirical,
nonlinear function:
FMT ¼ a3Eb þ c; ð1Þ
where FMT is the flicker modulation threshold, a and b are
constants, E is retinal illuminance, and c is the subject-specific,
asymptote threshold that is normally achieved at high light
levels. To improve the stability of the nonlinear fitting
algorithm, a pseudopoint was added at 8000 Td which
corresponded to 80% of the participant’s lowest threshold as
shown in earlier studies.1
Calculating the HRindex for Flicker Sensitivity
For each participant at each eccentricity, the area (Ap) under
the measured FMT versus retinal illuminance curve was
calculated between the limits of 900 and 25 Td according to
Equation 2. The health of the retina index represents the ratio
between the area under the participant’s threshold curve (Ap)
and the area for the group (Agroup), as shown in Equation 3;
Agroup represents the mean area under the curve for the 10
participants nearest in age to Ap. For each participant, the
HRindex was calculated at the fovea and then separately at the
parafovea, using the combined parafoveal measurements. No
significant difference was found within this normal group
between the areas under the curve at the four peripheral
locations. A large, positive HRindex value indicates better
performance in relation to the 10 participants of the nearest
age, and a negative HRindex value indicates worse performance.
Ap ¼
Z900
25
ða3Eb þ cÞdE ¼
a
1 b
3Eð1bÞ þ c3E
h i
900
25
ð2Þ
HRindex ¼ 1
Ap
Agroup
ð3Þ
Identifying Participants With Significantly
Elevated Thresholds
The aim was to determine the mean and 95% confidence limits
of the HRindex for a normal population. Measures were
therefore taken to exclude participants with significantly
elevated thresholds that may not reflect normal aging. First,
participants with clinical signs of disease such as the presence
of drusen or abnormal fundus appearance were excluded.
The second filter excluded participants who could not
detect flicker in the high mesopic range. Participants who
could not detect flicker of 100% modulation at any retinal
illuminance above 1.6 log Td in the high mesopic range were
excluded. This was because each of these participants was
unable to provide measurable thresholds below 1.6 log Td and
therefore their thresholds for the entire mesopic range
remained unknown.
Participants were also excluded if they exhibited significant
differences in modulation sensitivity between the two eyes at
corresponding loci. The justification for the introduction of
this filter is based on empirical observations that suggest that in
most cases, retinal diseases tend to affect the two eyes
differently. The formula described in Equation 4 was used to
identify participants with substantial interocular differences
(IODs) in modulation sensitivity:
IOD ¼
jALE  ARE j
ABettereye
; ð4Þ
where ALE is the area under the curve for the particular
eccentricity for the left eye and ARE is the area under the curve
for the corresponding eccentricity in the right eye. If a
participant was excluded based on an IOD outside the 95%
limits at a particular eccentricity, all of his/her results were also
excluded. The typical upper statistical limits for IODs
corresponded to ~30% variation at the fovea and ~23% in
the periphery.
Finally, when calculating the HRindex using the moving
average method, if the area under the curve of the individual
exceeded the 95% limits as computed for the 10 subjects, the
participant was excluded from the study.
Statistical Analysis
Customized software was used to fit the nonlinear function
describing the variation of modulation thresholds with retinal
illuminance, compute the 95% limits of value distributions, and
statistical analysis (MathWorks, Inc.).
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RESULTS
Included and Excluded Participants
The age distribution of the subjects recruited to the study and
the filtering outcomes are summarized in Figure 1, showing 71
included participants (39 females, 32 males, mean age¼ 44.7,
visual acuity¼0.04, sphere¼1.24, cylinder¼0.64) out of
101 who were recruited. None of the subjects was aphakic, but
3 out of the 71 participants had intraocular lenses. In total, 30
(29.7%) participants were excluded from the analysis: 13
(12.9%) presented with abnormal ocular conditions, eight
(7.9%) were excluded based on the absence of flicker
detection in the high mesopic range, six (5.9%) had interocular
threshold differences outside the 95% limits, and three (3.0%)
were HRindex outliers. The health of the retina index for each
subject was calculated with respect to the mean area under the
FMT curve estimated for 10 subjects with the nearest age. This
‘‘moving average’’ method accounts for changes in HRindex in
healthy aging. If the subject’s area under the FMT versus retinal
illuminance curve was outside the 95% limits, the subject was
classified as an outlier and not included in the study (n¼ 3, as
noted above).
HRindex for Monocular Flicker Thresholds
Flicker modulation thresholds measured at the fovea and the
parafovea are shown in Figure 2 for all participants who met
the inclusion criteria as a function of retinal illuminance.
Individual data points are shown as black symbols together
with the best-fit curves (Equation 1) and the 95% confidence
limits. The foveal results (Fig. 2A) show data for both eyes since
there were no significant differences (t-test) between the areas
under the curves measured in the two eyes (t[140]¼0.026, P¼
0.979). Similarly, results for all parafoveal eccentricities (Fig.
2B) for each eye were plotted together because no significant
differences were found between eyes or parafoveal eccentric-
ities in the area under the curve, found with a repeated
measures ANOVA (right eye versus left eye: F[1,564] ¼ 2.14,
manifest spherical equivalent (MSE) ¼ 6.62e þ 07, P ¼ 0.14;
nasal versus temporal locations: F(1,564)¼0.19, MSE¼5.94eþ
06, P¼0.66; superior versus inferior locations: F[1,564]¼2.85,
MSE ¼ 3.09e þ 07, P ¼ 0.09). It is clear from Figure 1 that
mainly participants aged older than 50 years could not detect
100% modulation flicker in the high mesopic range and below.
For comparison, Figures 2C and 2D show FMTs for participants
aged younger than 50 years.
Figure 3 shows the HRindex as a function of age at the fovea
and at the peripheral locations. When using the moving
average method, there is no change in the mean HRindex with
age. When the participant’s area under the curve fell outside
the 95% limits of the window of 10 participants of nearest age,
the participant was not included in the study. Three
participants failed this criterion and were therefore excluded.
Figure 4 shows examples of FMT data for two normal subjects
to illustrate how changes in flicker sensitivity with light level
determine the corresponding HRindex values. The 59-year-old
subject shows higher sensitivity at lower retinal illuminance, as
reflected by the positive HRindex values, in spite of having
flicker thresholds that match well the mean group data at the
highest retinal illuminance. The 62-year-old subject, on the
other hand, shows the lowest thresholds at the fovea at a high
retinal illuminance, but a significant loss of sensitivity at lower
light levels which results in a negative HRindex. His results in
the parafovea reveal poorer 15-Hz flicker sensitivity over the
whole range of light levels. This decreased parafoveal
sensitivity over the whole range of retinal illuminances is
captured well by the much larger, parafoveal, negative HR index.
Figure 5 shows how modulation thresholds change at the
fovea and parafovea for five retinal illuminance levels as a
function of age. Points were derived from curves fitted to each
individual’s data and averaged across eyes at the fovea and
eccentricities and eyes at the parafovea. Bilinear fits were
required to describe the relative stability of log FMTs in
participants aged younger than 40 years and in contrast, the
increasing FMTs in participants aged older than 40 years. The
results show the expected reduction in flicker sensitivity with
decreasing retinal illuminance, but at a constant retinal
illuminance and age younger than 40 years, 15-Hz flicker
sensitivity shows little or no dependence on age. In individuals
older than 40 years, foveal flicker thresholds increase linearly
with age and the rate of increase becomes greater at higher
retinal illuminance (i.e., 0.16 log units increase per decade at
900 Td, compared to 0.04 log units at 25 Td). To test for
differences in the gradient of the fits with light level and
eccentricity, two analyses of covariance were carried out to
examine the straight lines fitted to the two age groups. For the
younger participants (aged younger than 40 years), there was
no change in the FMTs with age (F[1,31]¼ 0.832, P¼ 0.369);
however, for the older participants (aged 40 years and older),
FMTs did increase with age (F[1,35] ¼ 21.991, P < 0.001).
Furthermore, the lack of change in FMTs with age for younger
participants was stable across both eccentricities (F[31,1] ¼
0.010, P¼0.920) and light level (F[1,31]¼0.00, P¼0.999). For
older people, the change in FMTs was significantly different
between the eccentricities (F[1,35]¼ 5.987, P < 0.05), as the
fovea shows a steeper increase in log FMTs with age (Fig. 5).
Furthermore, there is a significant difference in gradient at
different light levels, with a steeper increase in log FMT with
age at higher light levels (F[1,35] ¼ 32.497, P < 0.001).
Finally, Figure 5 also shows the 95% limits for both the
younger and older participants. The width of these limits is
similar for older and younger participants at lower levels of
retinal illuminance. However, at higher levels of retinal
illuminance, the width of the limits is wider for the older
participants, suggesting there is greater individual variability in
the log FMTs of older participants at higher retinal illuminances.
FIGURE 1. Age distribution and filtering outcomes for the subjects who
participated in the study. Normal subjects (n¼ 71); ocular disease (n¼
13); absence of flicker detection in the high mesopic range (n ¼ 8);
presence of interocular differences in flicker modulation thresholds
outside the 95% limits (n¼ 6); and HRindex outliers (n ¼ 3).
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DISCUSSION
These findings show that 15-Hz flicker sensitivity declines with
decreasing retinal illuminance (Fig. 2) and age (Fig. 5), in
agreement with results from other similar studies.5–8,19–21
Flicker studies in patients with diseases of the retina, such as
glaucoma and hypertension, also reveal loss of flicker
sensitivity.27,46–49 There is little doubt that visual tests based
on the measurement of flicker thresholds offer great promise
as early screening tools for retinal and optic nerve disease. It
remains, however, difficult to compare results from such
studies since flicker sensitivity is strongly affected by stimulus
size, temporal frequency, and retinal illuminance and many
earlier studies employed a range of stimulus parameters and
eccentricities. In order to make the use of flicker measure-
ments more useful in clinical applications, it is important to
establish response templates that describe the loss of flicker
sensitivity in healthy aging under a comprehensive but
simplified set of stimulus conditions. The new approach
developed here is based on the use of relatively small stimuli
over a range of light levels and a temporal frequency of 15 Hz,
which has been shown to be most effective in patients with
glaucoma or hypertension.47,48 The five stimulus locations
tested yield flicker thresholds at the fovea and in each of the
four quadrants. The choice of these parameters reveals
significant loss of flicker sensitivity in the mesopic range in a
FIGURE 3. Values of HRindex calculated for the foveal and parafoveal data using a ‘‘moving average’’ method that allows for the effects of normal
aging. The area under the FMT curve for each participant is compared with the mean for the 10 participants of nearest age and forms the basis for
the calculation of the HRindex (Equation 3).
FIGURE 2. Log FMT plotted as a function of each participant’s retinal illuminance measured for each of the five display luminances investigated.
Flicker modulation threshold is measured as percentage modulation and the retinal illuminance is measured in trolands. The solid lines show the
best-fit functions to the data (as indicated above each graph). The 95% confidence intervals (computed using the ‘‘predint’’ MATLAB function) are
shown as dotted lines. (A) Shows thresholds measured at the fovea for the 71 participants included in the study (aged 20–75 years). The foveal data
show two points for each participant, one for each eye. (B) Flicker modulation thresholds measured in the parafoveal retina for the same
participants. The peripheral data also show two points for each participant but each point represents the average of the thresholds measured at the
four eccentricities tested in each eye. (C, D) Show the same data as (A) and (B), respectively, but only for participants aged younger than 50 years.
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small number of older subjects that may or may not reflect
changes that can be attributed to normal aging. In the absence
of additional information, we have taken the view that severe
loss of flicker sensitivity at low light levels cannot be attributed
entirely to healthy aging. The reasons for this severe loss
remain unknown and may require further studies. Those
unable to detect flicker at 100% modulation (~8% of
participants) at lower light levels with complete absence of
flicker detection below 1.6 log Td, were not therefore included
in the study. These participants were unable to provide
measurable thresholds in the mesopic range, although they
all passed the screening tests and were classed as clinically
normal. Since the flicker modulation technique employed
generates only time-averaged equiluminant stimuli, the method
does not allow estimation of flicker sensitivity that would
require more than 100% modulation. For reasons that are not
clear from this study, the 8% of the older subjects that cannot
detect 15-Hz flicker at 100% modulation have extremely low
sensitivity to rapid flicker that cannot be considered the norm
in healthy aging. Indeed, the inclusion of these subjects within
the data set would have made the estimation of norms
incalculable. A future, longitudinal study would be needed to
determine whether those with elevated thresholds or complete
absence of flicker sensitivity in the mesopic range go on to
develop recognizable, preclinical retinal changes that at a later
stage can be detected by standard ophthalmologic tests.
In addition to the choice of stimulus size and temporal
frequency which increase the sensitivity of the test at low light
levels, the choice of test parameters also minimized the effects
of interparticipant variation in the absorption of short
wavelength light by the lens and the macular pigment. It also
produced individual measures of retinal illuminance to account
for differences in pupil size. When flicker measurements can
be carried out over a range of light levels, the participants’
sensitivity to 15-Hz flicker can be captured by a single number:
the HRindex (Figs. 3, 4). Age reduces flicker sensitivity under
both mesopic and photopic conditions (Fig. 5) and this makes
the HRindex an appropriate parameter to capture 15-Hz flicker
performance across these light levels (Fig. 3). Although the use
of several light levels provides additional information, much is
to be gained from flicker thresholds measured only at one light
level. Figure 5 shows how flicker thresholds change as a
function of age and retinal illuminance. The provision of
bilinear fits to flicker thresholds with limits of normal
performance at a number of retinal illuminances facilitates
direct clinical application of these findings. For clinical use,
when time is important, one may wish to restrict the test to
only one light level. It remains to be established experimentally
what the optimum light level is for use in patients with diseases
of the retina. Flicker thresholds show only a small increase
with age until the fifth decade, after which there is an
accelerated linear increase when the thresholds are plotted on
a log scale. This study supports the previously reported finding
that the rate of the decline in flicker sensitivity with age is
nonlinear (Fig. 5).6 Furthermore, statistical analysis shows that
in ages older than 40 to 50 years, the increase in log flicker
thresholds with age is steeper at the fovea and at higher light
levels (Fig. 5). Thresholds measured in the parafoveal locations
show similar dependence on retinal illuminance and age, but
the rate of increase in thresholds with increasing retinal
illuminance in ages older than 40 to 50 years is somewhat
reduced (i.e., 0.11 log units increase per decade at 900 Td,
compared with 0.04 log units at 25 Td).
In contrast, other studies have found a greater decline in
modulation sensitivity outside the fovea17,20 when using a
fixed stimulus size. The results of Figure 5 suggest that when
the stimulus size is scaled to partly compensate for loss of
spatial sensitivity with eccentricity, the decline with age is
steeper at the fovea. Since flicker thresholds depend strongly
on stimulus size, it remains of great interest to establish how
stimulus size affects the measured rate of decline with age and
also the effects of stimulus size at reduced retinal illuminances.
The bilinear fit to flicker thresholds, with apparent stability
until age 40 to 50 years, are a somewhat different trend to the
FIGURE 4. Examples of foveal and parafoveal changes in FMTs with log retinal illuminance and the corresponding HRindex values for two normal
participants, aged 59 and 62 years. The mean curve for the 10 subjects nearest in age is shown as solid black lines.
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FIGURE 5. Effects of age on log FMTs derived at discrete retinal illuminance levels. Data are presented for the fovea and the parafoveal retina. The
results show that when plotted on a log scale, 15-Hz flicker thresholds can be fitted well with two linear functions. The bilinear fit algorithm
employed produced age break points around 40 to 50 years of age. One function was needed to describe flicker thresholds for participants below
the fifth decade (when thresholds are largely independent of age) and the other to account for the more rapid increase observed in ages older than
40 to 50 years.
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more linear declines observed for the aging of red-green and
yellow-blue chromatic sensitivity and contrast sensitivity from
young adulthood,1,2,50 suggesting that different retinal mech-
anisms mediate these attributes of vision and that each is
affected differently in aging. Rod photoreceptors reduce in
number with age at the parafovea,51,52 but are not likely to
contribute significantly to the detection of 15-Hz flicker.
Furthermore, given that our findings also reveal a greater
decline in flicker thresholds at the fovea rather than parafovea,
the loss of 15-Hz flicker sensitivity with age may not be related
in any way to the known decline with age in rod photorecep-
tor density. Instead, the loss of flicker sensitivity may be due to
the well-documented changes in retinal ganglion cells with
increasing age,38,52–54 and in particular to the loss of axons in
the optic nerve.55–57 Variability between observers also
increased with age, as can be seen from the wider normal
limits measured at the fovea in older versus younger
participants (Fig. 5). This finding is not unexpected in older
eyes, which are likely to exhibit greater variability in the
numbers of photoreceptors and retinal ganglion cells.52
Interestingly, when log FMTs are large, such as at lower light
levels, this is no longer the case and variability in flicker
sensitivity becomes relatively independent of age.
CONCLUSIONS
For the stimulus conditions employed in the Flicker-Plus test,
normal aging reveals relatively stable thresholds for 15-Hz
flicker in central vision until approximately age 40 to 50 years.
The results confirm that retinal illuminance affects sensitivity
to 15-Hz flicker at any age. In addition, the HRindex captures
changes in flicker sensitivity over the whole range of light
levels, which may be clinically important as visual function at
low light levels is impaired in people with retinal disease34
such as AMD,58 glaucoma, and ocular hypertension.59 Never-
theless, older participants will in general have decreased retinal
illuminance, often caused by pupil miosis and absorption of
light by the increasing optical density of the lens. The health of
the retina index captures such losses and may therefore be
appropriate to detect and quantify early stage loss of flicker
sensitivity in patients with diseases of the retina. Although this
expectation remains to be validated through further studies,
the availability of age-related, normal threshold limits is a
prerequisite for such studies both in terms of the HRindex and
healthy aging.
Acknowledgments
Supported by Engineering and Physical Sciences Research Council
(EPSRC) Grants EP/G044538/1 and EP/I003940/1.
Disclosure: W. Bi, None; H. Gillespie-Gallery, None; A. Binns,
None; J.L. Barbur, None
References
1. Barbur JL, Konstantakopoulou E. Changes in color vision with
decreasing light level: separating the effects of normal aging
from disease. J Opt Soc Am A Opt Image Sci Vis. 2012;29:A27–
A35.
2. Gillespie-Gallery H, Konstantakopoulou E, Barbur JL. Captur-
ing age-related changes in functional contrast sensitivity with
decreasing light levels in monocular and binocular vision.
Invest Ophthalmol Vis Sci. 2013;54:6093–6103.
3. Puell MC, Palomo C, Sa´nchez-Ramos C, Villeno C. Normal
values for photopic and mesopic letter contrast sensitivity. J
Refract Surg. 2004;20:484–488.
4. Lachenmayr BJ, Kojetinsky S, Ostermaier N, Angstwurm K,
Vivell PM, Schaumberger M. The different effects of aging on
normal sensitivity in flicker and light-sense perimetry. Invest
Ophthalmol Vis Sci. 1994;35:2741–2748.
5. Mayer MJ, Glucs A, Kim CB, Svingos A. Foveal flicker
sensitivity in healthy aging eyes. I. Compensating for pupil
variation. J Opt Soc Am A. 1988;5:2201–2209.
6. Kim CB, Mayer MJ. Foveal flicker sensitivity in healthy aging
eyes. II. Cross-sectional aging trends from 18 through 77 years
of age. J Opt Soc Am A Opt Image Sci Vis. 1994;11:1958–1969.
7. Tyler CW. Two processes control variations in flicker
sensitivity over the life span. J Opt AM Soc A. 1989;6:481–490.
8. Wright CE, Drasdo N. The influence of age on the spatial and
temporal contrast sensitivity function. Doc Ophthalmol. 1985;
59:385–395.
9. Pokorny J, Smith VC, Lutze M. Aging of the human lens. Appl
Opt. 1987;26:1437–1440.
10. Sample PA, Esterson FD, Weinreb RN, Boynton RM. The aging
lens: in vivo assessment of light absorption in 84 human eyes.
Invest Ophthalmol Vis Sci. 1988;29:1306–1311.
11. Artal P, Guirao A, Berrio E, Piers P, Norrby S. Optical
aberrations and the aging eye. Int Ophthalmol Clin. 2003;
43:63–77.
12. Hennelly ML, Barbur JL, Edgar DF, Woodward EG. The effect of
age on the light scattering characteristics of the eye.
Ophthalmic Physiol Opt. 1998;18:197–203.
13. Kelly D. Visual responses to time-dependent stimuli. I.
Amplitude sensitivity measurements. J Opt Soc Am. 1961;51:
422–429.
14. Loewenfeld IE. Pupillary changes related to age. In: Thompson
HS, ed. Topics in Neuro-Ophthalmology. The Netherlands:
Williams and Wilkins; 1972:124–150.
15. Loewenfeld IE. The Pupil: Anatomy, Physiology, and Clinical
Applications. Ames, IA: Iowa State University Press; 1999.
16. Culham JC, Kline DW. The age deficit on photopic counter-
phase flicker: contrast, spatial frequency, and luminance
effects. Can J Exp Psychol. 2002;56:177–186.
17. Zele AJ, Dang TM, O’Loughlin RK, Guymer RH, Harper A,
Vingrys AJ. Adaptation mechanisms, eccentricity profiles, and
clinical implementation of red-on-white perimetry. Optom Vis
Sci. 2008;85:309–317.
18. Kuyk TK, Wesson MD. Aging-related foveal flicker sensitivity
losses in normal observers. Optom Vis Sci. 1991;68:786–789.
19. Elliott D, Whitaker D, MacVeigh D. Neural contribution to
spatiotemporal contrast sensitivity decline in healthy ageing
eyes. Vision Res. 1990;30:541–547.
20. Casson EJ, Johnson CA, Nelson-Quigg JM. Temporal modula-
tion perimetry: the effects of aging and eccentricity on
sensitivity in normals. Invest Ophthalmol Vis Sci. 1993;34:
3096–3102.
21. Royer FL, Gilmore GC. Spatiotemporal factors and develop-
mental changes in visual processes. Bull Psychon Soc. 1985;
23:404–406.
22. Luu CD, Dimitrov PN, Robman L, et al. Role of flicker
perimetry in predicting onset of late-stage age-related macular
degeneration flicker perimetry as a predictor of late-stage
AMD. Arch Ophthalmol. 2012;130:690–699.
23. Luu CD, Dimitrov PN, Wu Z, et al. Static and flicker perimetry
in age-related macular degeneration. Invest Ophthalmol Vis
Sci. 2013;54:3560–3568.
24. Mayer MJ, Spiegler SJ, Ward B, Glucs A, Kim CB. Mid-frequency
loss of foveal flicker sensitivity in early stages of age-related
maculopathy. Invest Ophthalmol Vis Sci. 1992;33:3136–3142.
25. Mayer MJ, Spiegler SJ, Ward B, Glucs A, Kim CB. Foveal flicker
sensitivity discriminates ARM-risk from healthy eyes. Invest
Ophthalmol Vis Sci. 1992;33:3143–3149.
Flicker Sensitivity in Normal Aging IOVS j February 2016 j Vol. 57 j No. 2 j 394
Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/journals/iovs/934916/ on 02/10/2017
26. Phipps JA, Dang TM, Vingrys AJ, Guymer RH. Flicker
perimetry losses in age-related macular degeneration. Invest
Ophthalmol Vis Sci. 2004;45:3355–3360.
27. Tyler CW. Specific deficits of flicker sensitivity in glaucoma
and ocular hypertension. Invest Ophthalmol Vis Sci. 1981;20:
204–212.
28. Connolly DM, Hosking SL. Oxygenation state and mesopic
sensitivity to dynamic contrast stimuli. Optom Vis Sci. 2009;
86:1368–1375.
29. Mayer MJ, Ward B, Klein R, Talcott JB, Dougherty RF, Glucs A.
Flicker sensitivity and fundus appearance in pre-exudative age-
related maculopathy. Invest Ophthalmol Vis Sci. 1994;35:
1138–1149.
30. Shinomori K, Werner JS. Senescence of the temporal impulse
response to a luminous pulse. Vision Res. 2003;43:617–627.
31. Gerth C, Sutter EE, Werner JS. mfERG response dynamics of
the aging retina. Invest Ophthalmol Vis Sci. 2003;44:4443–
4450.
32. Neelam K, Nolan J, Chakravarthy U, Beatty S. Psychophysical
function in age-related maculopathy. Surv Ophthalmol. 2009;
54:167–210.
33. Connolly DM. Spatial contrast sensitivity at twilight: lumi-
nance, monocularity, and oxygenation. Aviat Space Environ
Med. 2010;81:475–483.
34. Petzold A, Plant GT. Clinical disorders affecting mesopic
vision. Ophthalmic Physiol Opt. 2006;26:326–341.
35. Haegerstrom-Portnoy G, Schneck ME, Brabyn JA. Seeing into
old age: vision function beyond acuity. Optom Vis Sci. 1999;
76:141–158.
36. Spry PGD, Johnson CA. Senescent changes of the normal
visual field: an age-old problem. Optom Vis Sci. 2001;78:436–
441.
37. Tyler CW. Analysis of visual modulation sensitivity. III.
Meridional variations in peripheral flicker sensitivity. J Opt
Soc Am A. 1987;4:1612–1619.
38. Tyler CW. Analysis of visual modulation sensitivity. II.
Peripheral retina and the role of photoreceptor dimensions.
J Opt Soc Am A. 1985;2:393–398.
39. Barbur JL, Konstantakopoulou E, Rodriguez-Carmona M,
Harlow JA, Robson AG, Moreland JD. The macular assessment
profile test–a new VDU-based technique for measuring the
spatial distribution of the macular pigment, lens density and
rapid flicker sensitivity. Ophthalmic Physiol Opt. 2010;30:
470–483.
40. van de Kraats J, van Norren D. Optical density of the aging
human ocular media in the visible and the UV. J Opt Soc Am A
Opt Image Sci Vis. 2007;24:1842–1857.
41. Garc´ıa-Pe´rez MA. Forced-choice staircases with fixed step
sizes: asymptotic and small-sample properties. Vision Res.
1998;38:1861–1881.
42. Levitt H. Transformed up-down methods in psychoacoustics. J
Acoust Soc Am. 1971;49:467–477.
43. Grimson JM, Schallhorn SC, Kaupp SE. Contrast sensitivity:
establishing normative data for use in screening prospective
naval pilots. Aviat Space Environ Med. 2002;73:28–35.
44. Alexandridis E, Leendertz JA, Barbur JL. Methods for studying
the behaviour of the pupil. J Psychophysiol. 1991;50:223–239.
45. Boxer Wachler BS. Effect of pupil size on visual function under
monocular and binocular conditions in LASIK and non-LASIK
patients. J Cataract Refract Surg. 2003;29:275–278.
46. Lachenmayr BJ, Drance SM, Douglas GR, Mikelberg FS. Light-
sense, flicker and resolution perimetry in glaucoma: a
comparative study. Graefes Arch Clin Exp Ophthalmol.
1991;229:246–251.
47. Breton ME, Wilson T, Wilson R, Spaeth GL, Krupin T. Temporal
contrast sensitivity loss in primary open-angle glaucoma and
glaucoma suspects. Invest Ophthalmol Vis Sci. 1991;32:2931–
2941.
48. Austin MW, O’Brien CJ, Wishart PK. Flicker perimetry using a
luminance threshold strategy at frequencies from 5-25 Hz in
glaucoma, ocular hypertension and normal controls. Curr Eye
Res. 1994;13:717–723.
49. Horn FK, Velten IM, Ju¨nemann A, Korth M. The full-field
flicker test in glaucomas: influence of intraocular pressure and
pattern of visual field losses. Graefes Arch Clin Exp
Ophthalmol. 1999;237:621–628.
50. Barbur JL, Rodriguez-Carmona M. Colour vision changes in
normal aging. In: Elliot AJ, Fairchild MD, Franklin A, eds.
Handbook of Colour Psychology. Cambridge, MA: Cambridge
University Press; 2015.
51. Gao H, Hollyfield JG. Aging of the human retina. Differential
loss of neurons and retinal pigment epithelial cells. Invest
Ophthalmol Vis Sci. 1992;33:1–17.
52. Curcio CA, Millican CL, Allen KA, Kalina RE. Aging of the
human photoreceptor mosaic: evidence for selective vulner-
ability of rods in central retina. Invest Ophthalmol Vis Sci.
1993;34:3278–3296.
53. Curcio CA, Drucker DN. Retinal ganglion cells in Alzheimer’s
disease and aging. Ann Neurol. 1993;33:248–257.
54. Harman A, Abrahams B, Moore S, Hoskins R. Neuronal density
in the human retinal ganglion cell layer from 16–77 years.
Anat Rec. 2000;260:124–131.
55. Calkins DJ. Age-related changes in the visual pathways: blame
it on the axon. Invest Ophthalmol Vis Sci. 2013;54:ORSF37–
ORSF41.
56. Jonas JB, Schmidt AM, Mu¨ller-Bergh JA, Schlo¨tzer-Schrehardt
UM, Naumann GO. Human optic nerve fiber count and optic
disc size. Ophthalmol Vis Sci. 1992;33:2012–2018.
57. Mikelberg FS, Drance SM, Schulzer M, Yidegiligne HM, Weis
MM. The normal human optic nerve: axon count and axon
diameter distribution. Ophthalmology. 1989;96:1325–1328.
58. Dimitrov PN, Robman LD, Varsamidis M, et al. Visual function
tests as potential biomarkers in age-related macular degener-
ation. Invest Ophthalmol Vis Sci. 2011;52:9457–9469.
59. Drum B, Armaly MF, Huppert W. Scotopic sensitivity loss in
glaucoma. Arch Ophthalmol. 1986;104:712–717.
Flicker Sensitivity in Normal Aging IOVS j February 2016 j Vol. 57 j No. 2 j 395
Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/journals/iovs/934916/ on 02/10/2017
